Thiazolidinediones (TZDs) are peroxisome proliferators-activated receptor gamma (PPARγ) activators that exhibit antihypertensive and vasculoprotective effects. Here we describe the use of Tie2Cre/flox and SM22Cre/flox mice, which respectively lacked PPARγ in the endothelium and the smooth muscle, to study vascular function of PPARγ. Rosiglitazone (RGZ) induced a similar blood pressure (BP)-lowering effect in deoxycorticosterone acetate (DOCA) salt-treated PPARγ f/f and SM22Cre/flox mice, whereas Tie2Cre/flox mice were completely resistant to this effect. The femoral arteries lacking endothelial PPARγ exhibited increased reactivity to various vasoconstrictors without a significant alteration in acetylcholineinduced relaxation. In sharp contrast, the vasculature lacking smooth muscle PPARγ had blunted sensitivity to α1-adrenergic agents but enhanced sensitivity to acetylcholine. Our results demonstrated endothelium but not smooth muscle as the site for TZD-induced BP-lowering effect and also uncovered distinct functions of endothelial and smooth muscle PPARγ in regulation of vascular tone. /flox, mice homozygous for the PPARγ floxed allele and heterozygous the SM22-Cre transgene (smooth muscle PPARγ deficient); SNP, sodium nitroprusside; Tie2Cre/flox, mice homozygous for the PPARγ floxed allele and heterozygous the Tie2-Cre transgene (endothelial PPARγ deficient); TZD, thiazolidinedione; VSMCs, vascular smooth muscle cells.
correlated with the improvement in insulin sensitivity (Raji et al. 2003) . Although dissociation between the two phenomena in metabolic syndrome might be difficult, another insulin sensitizer, metformin, had no beneficial effect on BP (Komers and Vrana 1998) . In line with this finding, TZDs are reported to lower BP in nondiabetic hypertensive rats (Atkins et al. 2005; Diep et al. 2002) and even in normotensive rats (Song et al. 2004) . The mechanisms of these observations are poorly characterized. PPARγ is expressed in all components of the vascular system including endothelial cells (ECs) (Inoue et al. 1998; Satoh et al. 1999) , vascular smooth muscle cells (VSMCs) (Staels et al. 1998) , and monocytes/macrophages (Fernandez 2008) . The mechanisms may involve improvement of endothelial dysfunction (Diep et al. 2002) , attenuation of smooth muscle contraction (Buchanan et al. 1995) , and inhibition of proliferation and inflammation (Fukunaga et al. 2001; Marx et al. 1998 ). Because of these beneficial effects, TZDs hold great promise for treatment of hypertension and vascular disease associated with or not associated with diabetes. Therefore, it is critically important to understand the molecular mechanism of vascular actions of PPARγ. The aim of the present study was to determine TZD-induced BP-lowering effect as well as the vessel reactivity in mice lacking PPARγ in ECs (Tie2Cre/flox) or in SMCs (SM22Cre/flox).
MATERIALS AND METHODS

Animals
SM22Cre/flox and Tie2Cre/flox mice were produced by crossing PPARγ f/f mice with Tie2-Cre and SM22-Cre mice,
INTRODUCTION
Peroxisome proliferators-activated receptor-γ (PPARγ) is a member of the superfamily of nuclear receptor ligandactivated transcription factors that regulate gene transcription through binding to PPAR-responsive elements of the target genes. Compelling evidence from both human and animal studies has established a pivotal role of this nuclear receptor in the control of glucose and lipid metabolism (Berger et al. 2005; Evans et al. 2004 ). The synthetic PPARγ ligands, which are thiazolidinediones (TZDs) including rosiglitazone (RGZ) and pioglitazone, are widely prescribed and highly effective for the treatment of type 2 diabetes. Apart from the metabolic action, TZDs exert blood pressure (BP)-lowering effects independent of the insulin-sensitizing effects. In several experimental and clinical settings of type 2 diabetes, TZDs improved BP control and insulin resistance, and the decline of blood pressure further respectively. PPARγ f/f mice contain two loxP sites inserted into introns 1 and 2 of the PPARγ gene flanking the critical exon 2 by homologous recombination in embryonic stem (ES) cells. The floxed mice were crossed with Tie2-Cre (Kisanuki et al. 2001 ) and SM22-Cre mice (Holtwick et al. 2002) , respectively, to yield mice homologous for the floxed allele and heterozygous for the Cre transgene (termed Tie2Cre/flox and SM22Cre/flox). Each Cre strain has been used to target respective vascular cells (Tie2Cre for ECs and SM22Cre for SMCs) (Boucher et al. 2003; Frutkin et al. 2006; Hernando et al. 2007; Miano et al. 2004; Xin et al. 2007) . Littermates that were homozygous for the floxed PPARγ gene, but without the Cre transgene, were used as control mice. Genotypes were confirmed by PCR analysis, as previously described (Nicol et al. 2005; Zhang et al. 2005) . Both Tie2Cre/flox and SM22Cre/flox mice were born at the expected Mendelian ratio, and neither mutant had gross morphological abnormalities in adults. Of note, sporadic alopecia was found in young but not adult Tie2Cre/flox mice, as previously described (Wan et al. 2007 ). Analyses of DNA recombination and mRNA expression of the PPARγ gene in the freshly isolated ECs and VSMCs confirmed the selective deletion in ECs in Tie2Cre/flox mice and in SMCs in SM22Cre/flox mice (data not shown). All male mice at three to four months of age were maintained under a twelve-hour light/dark (LD) cycle (lights on at 6:00 a.m. and lights off at 6:00 p.m.). Animals were maintained on a twelve-hour light/dark cycle, and all procedures were in compliance with the guidelines approved by the University of Utah Institutional Animal Care and Use Committee.
Animal Experimental Protocol
The radiotelemetric device was implanted into male threeor four-month-old PPARγ f/f , SM22Cre/flox, and Tie2Cre/flox mice through catheterization of the carotid artery (Model#: TA11PA-C20, Data Sciences International, St. Paul, MN, USA) as previously described (Jia et al. 2006) . Animals were allowed to recover from surgery for one week. Following collection of baseline mean arterial pressure (MAP) for three days, animals were implanted with subcutaneous twenty-one-day-release pellets containing 50 mg deoxycorticosterone acetate (DOCA) (Innovative Research of America, Sarasota, FL, USA). At the time of pellet implantation, mice were transferred from standard chow and tap water to gelled diets containing 1.5% NaCl and saline as drinking fluid. After five days of this treatment, mice were divided randomly to receive the gelled diets with or without RGZ incorporated (320 mg/kg diet). Daily MAP was recorded as mean values of four-hour recordings from 9:00 a.m. to 1:00 p.m.
Vascular Function
Mice were anesthetized with 2%-5% isoflurane, the chest was opened, and the heart was excised. Next, femoral arteries were isolated distal to the bifurcation of the internal iliac artery. During dissection, tissues were bathed in ice-cold, oxygenated (95% O 2 / 5% CO 2 ), normal physiological saline solution (pH 7.35-7.45) . Once isolated and free of adherent tissue, femoral arteries were mounted on a wire-type myograph while immersed in a temperature-controlled, 8 mL tissue bath. When the tissue bath reached 37°C, tension on femoral arteries was increased 50 mg every two minutes to 200 mg. Thirty minutes later, a series of internal circumference-active tension curves was constructed to determine the vessel diameter that evoked the greatest tension development (L max ) to 100 mM KCl. Thirty minutes later, receptor-mediated vasocontractile responses to phenylephrine (PE, 10 -8 -10 -5 M), potassium chloride (KCl, 10-100 mM), and angiotensin II (Ang II, 0.1-1000 µM) were assessed. Next, after arteries were precontracted to 65% of maximal PE-induced contraction and tension was stable, responses to: acetylcholine (ACh, 10 -8 -10 -4 M); sodium nitroprusside (SNP, 10 -9 -10 -4 M); N G monomethyl-L-arginine (L-NMMA, 10 -3 M) and ACh (10 -8 -10 -4 M) in vessels incubated with L-NMMA (10 -3 M) were performed. All tension data were recorded continuously by a computer through an analog-todigital interface card (Biopac Systems Inc., Santa Barbara, CA, USA) that allowed for subsequent off-line quantitative analyses (Symons et al. 2006) . Reagents for all experiments were purchased from Sigma-Aldrich unless otherwise specified.
Statistical Analysis
Values shown represent means ± standard error (SE). Statistical analysis was performed by repeated-measures analysis of variance (ANOVA) and Bonferroni posttests, with a P value of < .05 being considered statistically significant.
RESULTS
RGZ-induced BP-lowering Effect
To evaluate the relative importance of EC and VSMC PPARγ in TZD-induced BP-lowering effect, daily MAP in DOCA salt-treated PPARγ f/f , SM22Cre/flox, and Tie2Cre/flox mice was monitored before and during a five-day RGZ treatment. The hypertension responses to DOCA salt were not different among the three mouse strains. However, the two vascular PPARγ -null mice had similar hypertensive responses to DOCA salt but displayed distinct sensitivities to RGZ-induced lowering effect as compared to their floxed controls. A five-day RGZ treatment induced a similar BP-lowering effect in DOCA salt-treated PPARγ f/f (on day 11: 139.2 ± 2.7 vs. 126.1 ± 2.9 mmHg, p < .05) and SM22Cre/flox mice (on day 11: 137.4 ± 2.1 vs. 126.2 ± 3.2 mmHg, p < .05), whereas Tie2Cre/flox mice were resistant to this effect (on day 11: 133.29 ± 3.48 vs. 131.12 ± 2.6 mmHg, p > .05) (Figure 1) .
Vessel Reactivity
Vasocontractile responses to phenylephrine (PE) but not Ang II or KCl were blunted in vessels from SM22Cre/flox versus PPAR f/f mice (Figures 2A, 2B, and 2C) . In contrast, femoral arteries from Tie2Cre/flox mice were more responsive to PE, 22 WANG ET AL. TOXICOLOGIC PATHOLOGY Ang II, and KCl compared to vessels from PPARγ f/f mice (Figures 2D, 2E , and 2F). Acetylcholine (ACh)-evoked vasorelaxation was greater in vessels from SM22Cre/flox versus PPARγ f/f mice and was inhibited by N G monomethyl-L-arginine (L-NMMA) ( Figures 3A-3C ). Vasorelaxation responses to ACh and ACh + L-NMMA were similar between Tie2Cre/flox and PPARγ f/f mice (Figures 3D-3F ). Sodium nitroprusside (SNP)induced vasorelaxation was not affected in either SM22Cre/flox or Tie2Cre/flox mice as compared with control mice (Figure 4) .
DISCUSSION
A component of the vasculoprotective properties afforded to TZDs is their ability to lower BP. This characteristic likely explains the paradox that fluid retention evoked by TZDs is not associated with elevated BP (Guan et al. 2005; Song et al. 2004; Zhang et al. 2005) . The present study characterized the vascular site responsible for TZD-induced BP lowering using SM22Cre/flox and Tie2Cre/flox. Specifically, RGZ-induced hypotension in mice with DOCA salt hypertension was dependent on PPARγ in ECs but not SMCs. These findings are consistent with a previous study, wherein endothelial-restricted PPARγ deficiency partially blunted the BP-lowering effect induced by RGZ, as assessed by tail cuff plethymography (Nicol et al. 2005 ). In the latter study, BP lowering was evaluated in the context of diet-induced obesity, which made it difficult to discern whether this was a direct effect or secondary to improved insulin sensitivity. Additionally, obesity-induced Vol. 37, No. 1, January 2009 VASCULAR DELETION OF PPARγ 23 FIGURE 1.-Effects of RGZ on MAP in deoxycorticosterone acetate (DOCA) salt-treated PPARγ f/f (A), SM22Cre/flox (B), and Tie2Cre/flox (C) mice. DOCA salt hypertension was induced by implantation of a 50 mg DOCA pellet in conjunction with a salt load including 1.5% NaCl in diet and 0.9% NaCl in drinking water. Five days after DOCA salt, each strain of mice was divided to receive a six-day treatment with vehicle or RGZ (320 mg/kg diet). Daily MAP was monitored by telemetry. The data from littermate floxed controls for SM22Cre/flox and Tie2Cre/flox were similar and thus were pooled. *, p < .05 versus vehicle for the corresponding period. n = 5-8 per data point.
hypertension is not readily produced in mice. For example, dietinduced obesity in mice has been associated with no change (Tallam et al. 2005) or a modest increase in BP (approximately 10 mmHg) (Rao et al. 2007; Williams et al. 2003) , as assessed by telemetry. A further consideration is the method wherein BP was evaluated. For example, stress imposed by restraint and/or tail cuff inflation might exacerbate obesity-induced hypertension (Nicol et al. 2005) , as reported in a rat model of fructoseinduced hypertension (D'Angelo et al. 2005) . Another major extension of the study by Nicol et al. (2005) is the parallel assessment of involvement of VSMC PPARγ. In VSMCs, TZDs are reported to attenuate the agonist-induced rise of intracellular calcium (Buchanan et al. 1995) and the activation of phosphatidylinositol 3-kinase/Akt (Atkins et al. 2005 ) and voltage-gated (L-type) calcium channel (Zhang et al. 1994) , and to inhibit proliferative and inflammatory responses (Hsueh and Law, 2001; Law et al. 2000) , all of which may contribute to TZD-induced BP lowering effect. Surprisingly, the involvement of VSMC can not be confirmed by the present study. The distinct role of PPARγ in the two vascular cell types is further demonstrated by results we obtained from vascular function studies using isolated vessels. The vasculature from Tie2Cre/flox mice exhibited enhanced responses to receptor and nonreceptor-dependent vasoconstrictors, albeit with a wellpreserved response to ACh, suggesting that EC PPARγ may exert a vasculoprotective effect, primarily via attenuating vasoconstriction rather than enhancing endothelium-dependent vasorelaxation. This finding is unexpected, given that TZDs improve endothelial dysfunction in Ang II-infused rats (Diep et al. 2002) and in fat-fed rabbits (Tao et al. 2003) . In contrast to Tie2Cre/flox, SM22Cre/flox mice exhibited blunted sensitivity to PE but enhanced ACh-evoked vasorelaxation. The enhanced vasorelaxation appeared to be nitric oxide (NO)-dependent, given the responsiveness to L-NNMA. These findings are similar to those reported previously in whole-body PPARγ KO mice (Duan et al. 2007) . The distinct actions of PPARγ in the two vascular cell types suggest that a "yin-yang" relationship might exist in blood vessels to maintain vascular homeostasis. For instance, deletion of PPARγ in one cell type perturbs vascular responsiveness in the other, revealing that crosstalk exists between the two vascular cells. The underling mechanism of this phenomenon is unclear and represents an attractive area for future research. However, our results disagree with a recent study by Halabi et al., who report that transgenic expression of dominant-negative mutations of PPARγ in the smooth muscle leads to reduced vasorelaxation and enhanced vasoconstriction in the aorta (Halabi et al. 2008 ). The finding that the different phenotypes resulted from an entire gene deletion versus mutagenesis of a single amino acid may indicate that different regions in the PPARγ protein may serve distinct functions in the control of vascular tone. In summary, the present study employed a cell-specific approach to study the vascular function of PPARγ. EC PPARγ deficiency completely blocked TZD-induced BP-lowering effect, whereas SMC PPARγ deficiency was without an effect. Surprisingly, the vasculature lacking EC PPARγ exhibited an overall enhanced response to vasoconstrictors, whereas the vasculature lacking SMC PPARγ displayed blunted phenylephrine-induced vasoconstriction but enhanced ACh-induced Vol. 37, No. 1, January 2009 VASCULAR DELETION OF PPARγ 25 vasorelaxation. These results offer a new insight into distinct functions of EC and SMC PPARγ in regulation of BP and vascular tone.
